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ABSTRACT
We report iron and titanium abundance measurements from high resolution spectra
in a volume-limited sample of 106 M0 and M0.5 dwarf stars. The sample includes
stars north of the celestial equator and closer than 29 parsecs. The results imply that
there is an M dwarf problem similar to the previously known G dwarf problem, in that
the fraction of low-metallicity M dwarfs is not large enough to fit simple closed-box
models of Galactic chemical evolution. This volume-limited sample avoids many of the
statistical uncertainties present in a previous study using a brightness-limited sample
of M dwarf stars.
Key words: stars: abundances – stars: late-type – stars: statistics – Galaxy: abun-
dances – Galaxy: evolution – Galaxy: stellar content
1 INTRODUCTION
The majority of stars in our Galaxy are M dwarfs: low-mass,
low-luminosity, cool main sequence stars, which make up
most of the Galaxy’s baryonic mass. M dwarf stars have
main sequence lifetimes much longer than the current age
of the Universe, which make them good candidates for the
study of the chemical evolution of the Galaxy. G and K
dwarf stars also have main sequence lifetimes comparable to
or longer than the age of the Universe. Their spectra are
generally simpler than those of M dwarfs, with fewer molec-
ular bands to complicate the measurement of atomic line
strengths and the calculation of model atmospheres. While
we would not expect to find a different chemical history for
M dwarfs than that found for G and K dwarfs, the scientific
method demands that our expectations be tested, especially
for the most common class of stars. We cannot claim to fully
understand the chemical history of the Galaxy if we do not
know the chemical history of the M dwarfs.
One long-standing issue for modelling Galactic chemi-
cal evolution is the G dwarf problem: the number of low-
metallicity G dwarf stars is much smaller than that pre-
dicted by a simple model of Galactic chemical evolution
(van den Bergh 1962; Schmidt 1963). A simple model as-
sumes that the solar neighbourhood can be modeled as a
closed system, it started as 100 per cent metal-free gas, the
initial stellar mass function (IMF) is constant, and the gas
is chemically homogeneous at all times (Tinsley 1980). Some
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alternatives to a simple model can produce better matches
to the observed numbers of long-lived stars with different
metallicities by abandoning one or more of its simplifying
assumptions. Models have produced better matches to the
observed metallicity trend by including inflow or outflow of
material (Wyse & Gilmore 1995; Pagel 2001; Snaith et al.
2015; Sa´nchez Almeida 2017), a varying IMF (Schmidt 1963;
Carigi 1996; Martinelli & Matteucci 2000; Yan et al. 2019),
and/or variable star formation rates (Malinie et al. 1993;
Carigi 1996; Caimmi 2008).
It appears that the problem continues to stars with
lower masses, and thus longer main sequence lifetimes
and smaller luminosities: the K dwarfs (Casuso & Beckman
2004), and M dwarfs (Woolf & West 2012). Previous reports
of a possible M dwarf problem were based on a sample
of only six stars (Mould 1978), or on metallicities derived
from low resolution spectra of a brightness-limited sample
of stars (Woolf & West 2012). Main sequence stars with the
same effective temperature but different metallicities have
different luminosities, a difference that has traditionally led
to lower-metallicity main sequence stars being called ‘sub-
dwarfs’ (Joy 1947) with the smaller and fainter subdwarfs
being found ‘below’ the solar-metallicity main sequence on
the Hertzprung-Russell diagram. The volume included in a
brightness limited sample therefore depends on the metal-
licities of the stars observed, so a statistical treatment was
required in the Woolf & West (2012) study in order to find
the ratios of the numbers of stars with different metallicities.
Mann et al. (2013) found possible problems with the method
presented by Woolf et al. (2009) and used by Woolf & West
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(2012) to derive metallicities from molecular band strengths
in low resolution spectra, reporting that the method in-
correctly identified 12 low metallicity M dwarfs in binaries
with K dwarfs as being near- solar metallicity. Dhital et al.
(2012) produced another metallicity calibration using the
same molecular bands used in the calibration of Woolf et al.
(2009) which gives slightly different metallicities.
Other researchers have worked to provide methods
of estimating metallicities (Schlaufman & Laughlin 2010;
Newton et al. 2014; Hejazi et al. 2015; Netopil 2017) or
other chemical abundance trends (Karaali et al. 2016) for
low-mass stars using photometry. These photometric meth-
ods have uncertainties with a source similar to those in-
volved in estimating metallicities by measuring molecular
band strengths in low resolution spectra: in both methods,
spectral features such as atomic lines or molecular bands,
possibly affected differently by multiple stellar parameters
(effective temperature, metallicity, etc.) are frequently in-
cluded in a single photometric band or a single spectral res-
olution element, meaning that it may not be possible to
determine which lines or stellar parameters cause measured
differences between stars.
Rather than trying to find and eliminate possible prob-
lems with the metallicity calibration of Woolf & West (2012)
or decide which newer calibration is best, and in order to
eliminate the uncertainties caused by using a brightness-
limited sample and by using photometry or low resolution
spectra, we have measured Fe and Ti abundances using high
resolution spectra of M dwarfs in a volume limited sample.
Several elements have accessible absorption lines in the vis-
ible spectra of M0 dwarf stars (Woolf & Wallerstein 2004).
Fe and Ti were chosen for our analysis because they have
many more lines that can be measured than other elements.
2 SAMPLE SELECTION
Our sample of M0 and M0.5 main sequence (dwarf) stars was
selected from the Le´pine et al. (2013) list of the brightest M
dwarf stars north of the celestial equator. Because the source
catalog used to select our sample was brightness-limited and
the luminosity of main sequence stars at a given temperature
decreases with lower metallicities, we observed more than
200 stars to be sure we did not miss any low-metallicity stars
in a sample that included the closest 100. After the observa-
tions were finished, but before the analysis was complete, the
Gaia Data Release 2 (Gaia Collaboration et al. 2016, 2018)
became available, allowing us to use trigonometric parallax
distances, instead of using a combination of trigonometric
and spectroscopic parallax distances, with corrections re-
quired for the variation of luminosity with metallicity. For
the two stars without available Gaia parallax data, GJ 308
and GJ 3650, we used parallax measurements from the Hip-
parcos catalogue (ESA 1997; van Leeuwen 2007).
The final sample includes the 106 closest M0 and M0.5
dwarf stars from the list of Le´pine et al. (2013), those closer
than 29 parsecs, and for which spectra could be obtained
without contamination from a close binary companion. We
observed more than 200 stars in our effort to be sure we
did not miss any fainter low-metallicity stars, but our sam-
ple ends at the 106th star for the simple reason that based
on parallax distances, we had not observed the 107th clos-
est star in the source list. Le´pine et al. (2013) selected their
sample using proper motions and J magnitudes. They es-
timate that their sample should include more than 91% of
K7 to M1 dwarfs within 50 parsecs, with stars overlooked
because of magnitude errors or their proper motion selection
method. More distant stars thus more likely to be missed.
If our sample reached to 50 parsecs, 9 or 10 stars would
likely be missing. The cutoff for our sample is at 29 parsecs,
which means it is most likely more complete, perhaps miss-
ing only 29/50 as many, i.e. 5 or 6, northern M0 or M0.5
dwarf stars, as observational uncertainty in magnitude is
smaller for closer and thus brighter stars, and proper mo-
tions are larger for a given space velocity when stars are
closer.
Three stars which would have been included in our
sample (namely, GJ 278 C, GJ 84.2 A, and GJ 900) were
eliminated because they were discovered to be spectro-
scopic double-line binaries when their high resolution spec-
tra were inspected. Four additional stars, BD+33 1814 A,
BD+33 1814 B, BD+40 883 B, and GJ 520 A, were not in-
cluded because they are in visual binaries and the observed
angles to their companion stars were too small to avoid hav-
ing their spectra contaminated by light from the companion.
It is likely that some of the stars in our sample are in binaries
we have not detected, with light from a fainter companion
contaminating their spectra at a low level.
In Table 1, we list the stars in our sample in order of
parallax distance, with their parallaxes and V , H , and Ks
magnitudes.H andKs magnitudes used in our analysis were
taken from Skrutskie et al. (2006). V magnitudes were taken
from Mumford (1956); Høg et al. (2000); Fabricius et al.
(2002); Koen et al. (2010); Bailer-Jones (2011); Kiraga
(2012); Kiraga & Ste֒pien´ (2013); Zacharias et al. (2013).
3 OBSERVATIONS AND DATA REDUCTION
Spectra of the target stars were observed with the echelle
spectrograph of the Apache Point Observatory 3.5-m tele-
scope during 23 half-nights in 2016. The spectra have spec-
tral resolution λ/∆λ ≈ 33000. The detector is a SITe CCD
whose sensitivity peaks at about 7000 A˚. The spectral range
of the spectrograph is 3200 - 10000 A˚, but no lines with wave-
lengths shorter than 5700 A˚ were used because our spectra
have low signal to noise ratios at shorter wavelengths.
The signal-to-noise ratio for our spectra varies with
wavelength region, being larger for longer wavelengths where
M stars are brighter and where the instrument is more sensi-
tive. Our observing strategy was to obtain a signal-to-noise
ratio of at least 70 in the wavelength regions where most of
the Fe and Ti lines used in our project are found (7000 -
9800 A˚). We chose this signal-to-noise ratio, instead of the
more typical ratio of 100 used for chemical abundance anal-
yses of fairly bright stars, in order to allow us to observe
twice as many stars during our limited observing time. This
adds some uncertainty to our measured line strengths, but
should not appreciably affect statistics.
The spectra were reduced using standard IRAF rou-
tines to subtract the bias, divide by the flat field spectra,
correct pixels affected by radiation events or cosmic rays,
reduce to one dimensional spectra, and apply a wavelength
scale derived from a ThAr lamp spectrum. For some stars,
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the IMARITH routine of IRAF was used to divide the stel-
lar spectra by a normalized spectrum of a hot, high rota-
tional velocity (v sin i) star observed the same night in order
to partly correct for telluric lines. Atomic lines from these
corrected spectra were used if the correction was necessary
and if the telluric line(s) around the line were weak enough
that the correction was reasonable.
4 CHEMICAL ABUNDANCE ANALYSIS
Equivalent widths of Fe i and Ti i lines were measured from
the spectra using the SPLOT routine of IRAF in wavelength
regions where molecular lines were weak or absent so that
the continuum level could be estimated.
Atomic data for the Fe and Ti lines were cho-
sen from the Vienna Atomic Line Database (VALD)
(Piskunov et al. 1995; Ryabchikova et al. 2015), which is
a compilation of data from many sources. We used
wavelength, excitation potential, and gf values compiled
by VALD from Fuhr et al. (1988); Martin et al. (1988);
Bard et al. (1991); O’Brian et al. (1991); Kurucz & Bell
(1995); Blackwell-Whitehead et al. (2006), and Lawler et al.
(2013). The lines used in our analysis are shown in Table 2,
where we list the excitation potential, log gf , and the num-
ber of stars for which each line was used. Some lines, e.g.
the 7583 A˚ Fe I line, are in regions where the spectrum is
clean of molecular bands and has a high signal to noise ratio
for all of our stars and were used to find abundances for the
large majority of our stars. Other lines were in regions where
the spectrum is not usually so clean and were used only for
brighter stars with weaker molecular bands.
Fe and Ti abundances for the stars were found us-
ing the spectral analysis routine MOOG (Sneden 1973),
updated in 2017. The process required several iterations
for each star. In this process, we followed the method de-
scribed in Woolf & Wallerstein (2005), except that newer
grids of Phoenix model atmospheres and synthetic spec-
tra (Husser et al. 2013) were used, and that the new atmo-
spheres allowed us to adjust the alpha element concentration
so that it was not necessary to adjust the model atmosphere
metallicity to account for enhanced [α/Fe] at lower metal-
licities.
We integrated flux in the H , Ks, and V bands in
Phoenix synthetic spectra to produce theoretical colour-
temperature relations in the temperature range of our stars.
For each star we used measured magnitudes to find V −H
and V −Ks temperatures. The mean of these two was used
as the Teff for the model atmosphere. The temperature thus
calculated was dependent on the metallicity of the synthetic
spectra used. For the first iteration, we assumed [Fe/H] = 0
for each star. Parallax distances were used to calculate ab-
solute H and Ks magnitudes, which allowed us to estimate
masses using the theoretical mass-luminosity relations of
Se´gransan et al. (2003). We calculated the bolometric cor-
rection BCK magnitude using BCV , and Phoenix V − Ks
colours, and then used distance, Ks, and BCK to derive
Mbol. Mass, Mbol, and Teff were used to calculate log g us-
ing log g = logM+4 log(Teff/5770)+0.4(Mbol−4.65)+4.44,
where we assume solar temperature, bolometric magnitude,
and log g to be 5770 K, 4.65, and 4.44, and where M is in
solar masses. As described in Woolf & Wallerstein (2005),
the Ti and Fe abundances derived by this method are only
minimally sensitive to the surface gravity used.
We created a model atmosphere for the assumed metal-
licity and the calculated Teff and log g. When interpolating
model atmospheres from the grid, we used models with en-
hanced alpha-element abundances relative to Fe abundance
for low-metallicity stars, as reported in Table 3, following
the approximate trend seen in for local neighborhood stars
(Bensby et al. 2014). We then used the model atmosphere
and the measured atomic absorption lines in MOOG to find
Fe and Ti abundances, altering microturbulent velocity un-
til plots of abundance vs equivalent width were flat. If the
[Fe/H] value did not match the metallicity assumed to de-
rive stellar parameters and produce the model atmosphere,
we started the procedure again with a new assumed metal-
licity based on the Fe abundance found in the earlier itera-
tion. The process was repeated until the assumed metallicity
matched the [Fe/H] abundance found.
Uncertainties in the abundances due to typical parallax,
photometry, line measurement, and atomic data errors were
estimated by repeating the abundance analysis for represen-
tative stars at the extremes of each of the reported errors.
For example if the V magnitude of a star was reported as
V = 10.00± 0.05, the analysis was repeated using V = 9.95
and V = 10.05 and the results were used to estimate the
abundance uncertainties due to the reported errors in V .
Typical parallax, photometry, line measurement, and atomic
data errors for stars in our sample introduce the uncertain-
ties ∆[Fe/H] = 0.04, ∆[Ti/H] = 0.05, and ∆[Ti/Fe] = 0.07.
5 RESULTS AND DISCUSSION
The Ti and Fe abundances derived for our sample of stars
are reported in Table 4, with stars listed in order of distance.
In calculating [Fe/H], [Ti/H], and [Ti/Fe] abundances1, we
used solar abundances A(Fe)⊙ = 7.50 and A(Ti)⊙ = 4.95
(Asplund et al. 2009). These are different than the values
used in our previous reports, where we used A(Fe) = 7.45
and A(Ti) = 5.02 to calculate the square bracket abun-
dances (Woolf & Wallerstein 2005).
A trend of increasing [Ti/Fe] with smaller [Fe/H] is seen
for our sample of local M dwarf stars, as shown in in Figure 1.
The trend and the amount of scatter are similar to those
found for other M and K dwarf stars (Woolf & Wallerstein
2005) and warmer (4300 ≤ Teff ≤ 6600 K) main sequence
and giant stars (Fulbright 2000), also shown in the figure.
This trend in [Ti/Fe] vs [Fe/H] was previously known and
is included to show that the trend seen in our sample is
typical. It is presumably caused by process(es) that occur in
long-lived stars creating a larger fraction of Fe compared to
Ti recently than other processes did when Fe and Ti were
made while the Galaxy was younger.
The fraction of stars in our sample in 0.1 dex bins
of [Fe/H] is shown in Figure 2 and compared to the pre-
dictions of a simple model (Audouze & Tinsley 1976). The
peak of the distribution is at [Fe/H] = −0.25. As discussed
Woolf & West (2012), other studies have found that the
1 We use the customary square bracket notation [X/Y] ≡
log10(X/Y)star − log10(X/Y)⊙ (Helfer et al. 1959).
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Figure 1. [Ti/Fe] vs [Fe/H] for 106 M0 and M0.5 dwarf stars
within 29 pc (filled circles), compared with Fulbright (2000) (open
squares) and Woolf and Wallerstein (2005) (open triangles) data.
-1.5 -1 -0.5 0
0
0.05
0.1
0.15
0.2
Figure 2. Fraction of local M0 and M0.5 dwarf stars in 0.1
dex [Fe/H] bins. The solid line presents our measurements. The
dashed curve is the distribution predicted by a simple model.
number of stars peaks at a metallicity centred in the range
−0.25<
∼
[Fe/H]<
∼
0.0 for G, K, and M dwarfs. It is likely that
differences in the distribution peak location are due to differ-
ent choices of model atmospheres, atomic data sources, and
analysis methods, rather than actual abundance differences
and the choice of star samples.
A simple model of Galactic chemical enrichment pre-
dicts larger numbers of low metallicity long-lived stars than
are found in samples of G, K, and M dwarfs, the stars with
main sequence lifetimes comparable to or longer than the
current age of the Universe. In Figure 3 we compare the
prediction of a simple model (Audouze & Tinsley 1976) with
our data. The value S/S1 represents the current present day
Figure 3. Simple model (dashed curve) and observed (solid line)
cumulative stellar metallicity distributions. S/S1 represents the
fraction of stars with metallicities smaller than Z.
cumulative stellar metallicity distribution, or the fraction
of stars that have metallicities smaller than Z. The model
prediction (dashed curve) is calculated using the equation
S
S1
=
1−µ
Z/Z1
1
1−µ1
from Audouze & Tinsley (1976) as described
in Woolf & West (2012). In the equation, Z1 is the present-
day local metallicity and µ1 is the fraction of local baryonic
matter that is now interstellar matter (i.e. not contained
in stars or stellar remnants). To calculate the simple model
S/S1 vs [Fe/H] curve in Figure 3, we assumed that µ1 = 0.27
(Holmberg & Flynn 2000) and let log(Z1/Z⊙) = +0.1, but
any reasonable values of µ1 and Z1/Z⊙ produce simple
model predictions with larger numbers of low metallicity
stars than observations show.
Our volume-limited sample of local main sequence M
stars shows the same shortage, compared to a simple model,
found for G dwarfs and referred to as the G dwarf problem,
and which studies cited in the Introduction have found for
K, and M dwarf stars.
6 CONCLUSIONS
Our sample includes M0 and M0.5 stars closer than 29 par-
secs, and is thus certainly a ‘local’ sample. Galactic chem-
ical evolution models for the local neighbourhood typically
include a region of the thin disk about 1 kpc wide in the
Galactic plane and 1 kpc perpendicular to the plane (Tinsley
1980). Our sample boundaries fall well within this region.
The lowest metallicity star in the sample has [Fe/H] =
−1.05, which means that we likely have not included halo
stars. This is not surprising, as halo stars are very rare lo-
cally compared to thin and thick disc stars.
By finding chemical abundances using high resolution
spectra, we avoid the uncertainties present when estimat-
ing metallicities with low resolution spectra or photometry.
By using a volume-limited sample of stars, we avoid the
statistical difficulties present with a brightness-limited sam-
ple. Our data show that there is an M dwarf problem in
MNRAS 000, 1–8 (2020)
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the local neighbourhood similar to the long-known G dwarf
problem: the number of low-metallicity long-lived stars is
much smaller than that required to match a simple model
of Galactic chemical evolution.
The stars in our sample were selected by spectral type,
not mass, so lower-metallicity stars or subdwarfs should be
overrepresented compared to sample chosen by mass: a sam-
ple selected by mass would show a somewhat more extreme
M dwarf problem. In this work we compare the metallicity
trend predicted by a simple model with our measured Fe
abundance trends (Figures 2 and 3). Fe abundances are of-
ten used as a proxy for metallicity, the concentration of all
elements heavier than H and He, because it is convenient
to do so: Fe has many absorption lines in the visible spec-
tra of most F, G, K, and M stars. If we take into account
the overabundance of alpha elements relative to iron for low
metallicity stars, compared to a solar abundance mixture,
then the reported metallicity for the low metallicity stars
in our sample would all be increased slightly, a change that
would make the M dwarf problem more pronounced.
As described in the introduction, the solution to the
‘problem’ is to abandon one or more of the assumptions of
a simple model. The assumptions are each arguably or obvi-
ously incorrect. For example, material is observed falling into
the disc (Verschuur 1975; Wakker & van Woerden 1997) and
there is debate about the history of the IMF in the Galaxy
(Bastian et al. 2010). The simple model is therefore most
useful as a starting point for modeling chemical evolution.
The G, K, and M dwarf problem is evidence of its shortfalls
and highlights an abundance trend that must be explained
in any more successful model.
Our data do not predict which departures from a sim-
ple model of Galactic chemical evolution are required to pro-
duce a model that better matches the chemical compositions
of the current local stellar population. Rather, they show
that all stars with main sequence lifetimes comparable to or
longer than that of the Galaxy, including M dwarfs, have
metallicity trends that fail to match the trend predicted by
a simple model.
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Table 1. Magnitudes and parallaxes of the final sample
Star alternate π ∆π V ∆V H ∆H Ks ∆Ks
name (mas) (mas) (mag) (mag) (mag) (mag) (mag) (mag)
GJ 239 HIP 31635 99.9164 0.0503 9.59 0.11 6.031 0.016 5.862 0.024
GJ 373 HIP 48714 94.9397 0.0388 9.18 0.03 5.369 0.044 5.200 0.024
GJ 846 HIP 108782 94.7420 0.1406 9.15 0.05 5.562 0.051 5.322 0.023
GJ 617 A HIP 79755 92.8704 0.0311 8.90 0.08 5.136 0.034 4.953 0.018
GJ 208 HIP 26335 87.4367 0.0562 9.22 0.17 5.436 0.024 5.269 0.023
GJ 572 HIP 73470 85.3754 0.0367 9.17 0.04 5.604 0.034 5.383 0.018
GJ 96 HIP 11048 83.7829 0.0650 9.34 0.03 5.770 0.038 5.554 0.026
GJ 471 HIP 11048 73.7640 0.4146 9.75 0.10 6.091 0.027 5.892 0.020
GJ 353 HIP 11048 73.6683 0.0483 10.14 0.01 6.569 0.055 6.302 0.020
GJ 3997 BD+19 3268 73.1060 0.0336 10.37 0.04 6.635 0.021 6.450 0.017
GJ 400 A HIP 52600 72.9871 0.2603 9.27 0.03 5.733 0.017 5.553 0.020
GJ 184 HIP 23518 72.1506 0.0357 10.06 0.05 6.414 0.034 6.172 0.021
GJ 310 HIP 42220 71.0957 0.1992 9.47 0.05 5.782 0.015 5.580 0.015
GJ 154 HIP 17609 69.4494 0.0627 9.58 0.01 6.046 0.018 5.844 0.018
GJ 281 HIP 37288 66.4106 0.0543 9.76 0.02 6.092 0.036 5.872 0.021
GJ 731 HIP 92573 65.7639 0.0459 10.19 0.01 6.525 0.026 6.319 0.024
GJ 458 A HIP 59514 65.6078 0.0269 9.70 0.08 6.245 0.017 6.059 0.017
GJ 319 AB HIP 42748 64.3680 0.1453 9.65 0.06 6.051 0.053 5.827 0.023
GJ 548 A HIP 70529 61.1783 0.0542 9.70 0.01 6.162 0.038 5.973 0.016
GJ 889.1 HIP 114233 60.7540 0.0443 10.95 0.01 7.305 0.029 7.067 0.026
GJ 181 HIP 23147 60.1681 0.0560 9.82 0.05 6.241 0.031 6.104 0.020
GJ 3942 HIP 79126 59.0422 0.0219 10.17 0.04 6.525 0.020 6.331 0.018
GJ 913 HIP 118212 58.4067 0.8984 9.78 0.14 6.021 0.023 5.831 0.020
GJ 2043 A HIP 25716 58.1985 0.0614 10.60 0.01 7.001 0.076 6.782 0.031
GJ 150.1 A HIP 17414 58.1097 0.0402 9.97 0.01 6.408 0.018 6.247 0.017
GJ 709 HIP 89560 57.3252 0.0203 10.26 0.04 6.655 0.020 6.455 0.016
BD+05 127 StKM 1-99 56.1889 0.0684 10.25 0.04 6.877 0.053 6.640 0.020
GJ 270 HIP 35495 54.8734 0.0422 10.03 0.07 6.541 0.034 6.376 0.020
GJ 708.2 HIP 89517 54.7610 0.0504 10.18 0.09 6.747 0.038 6.557 0.031
GJ 38 HIP 4012 52.7035 0.0337 10.64 0.04 7.235 0.018 7.047 0.018
GJ 579 BD+25 2874 52.5185 0.0360 10.18 0.01 6.647 0.023 6.474 0.017
GJ 541.2 HIP 69824 51.4290 0.0258 10.25 0.01 6.781 0.021 6.601 0.016
GJ 308 HIP 41554 50.82 6.27 10.91 0.09 7.047 0.031 6.828 0.018
GJ 642 HIP 82694 49.7925 0.0384 10.75 0.03 7.318 0.047 7.106 0.021
GJ 1278 HIP 113944 49.1941 0.0246 9.86 0.05 6.430 0.038 6.269 0.017
GJ 1172 HIP 66222 48.9265 0.0724 9.96 0.04 6.561 0.067 6.338 0.023
GJ 328 HIP 43790 48.6883 0.0396 10.00 0.01 6.523 0.018 6.352 0.026
GJ 804 HIP 102357 48.5475 1.0197 10.32 0.07 6.755 0.021 6.553 0.016
GJ 834 A LP 286-6 48.2934 0.1828 10.11 0.03 6.496 0.049 6.302 0.021
GJ 4120 HIP 96702 47.5089 0.0260 10.92 0.01 7.379 0.044 7.188 0.023
GJ 520 A BD+48 2138A 47.1938 0.0302 10.28 0.10 6.338 0.024 6.137 0.017
GJ 730 HIP 92417 47.1078 0.0617 10.74 0.01 7.075 0.034 6.857 0.023
GJ 464 HIP 60475 46.5493 0.0441 10.44 0.04 6.861 0.021 6.634 0.017
HIP 102300 NLTT 49831 46.5316 0.0408 11.38 0.10 7.820 0.027 7.614 0.017
GJ 3008 HIP 687 46.0011 0.0529 10.76 0.05 7.165 0.018 6.980 0.016
GJ 842.2 HIP 108467 45.6486 0.0179 10.48 0.04 6.926 0.038 6.730 0.016
GJ 533 HIP 67808 45.6154 0.1698 9.85 0.13 6.336 0.020 6.150 0.016
GJ 3108 HIP 8043 45.3802 0.0395 10.37 0.04 6.811 0.021 6.598 0.016
GJ 9393 HIP 59378 45.3380 0.0342 10.55 0.04 7.291 0.024 7.090 0.018
GJ 761.2 HIP 96121 45.2527 0.0508 10.47 0.01 7.045 0.040 6.808 0.024
HIP 110980 NLTT 53971 45.0944 0.0898 10.34 0.01 6.964 0.049 6.748 0.024
GJ 9784 HIP 110951 44.8984 0.0507 10.77 0.02 7.172 0.021 6.978 0.017
GJ 9188 HIP 26844 44.5971 0.0505 10.59 0.02 7.075 0.020 6.880 0.016
GJ 458.2 HIP 59748 44.5245 0.0789 10.51 0.03 6.973 0.027 6.773 0.016
GJ 2155 HIP 115680 44.3862 0.0696 10.58 0.01 7.070 0.034 6.923 0.018
GJ 4057 HIP 90265 43.7891 0.0272 10.77 0.05 7.170 0.036 6.980 0.024
GJ 4046 HIP 89490 43.5449 0.3414 10.83 0.02 7.172 0.023 6.964 0.017
GJ 3044 HIP 3008 43.4345 0.0634 10.48 0.05 7.057 0.017 6.916 0.023
GJ 2079 HIP 50156 42.7417 0.1892 10.01 0.04 6.448 0.020 6.261 0.023
GJ 406.1 HIP 53580 42.6109 0.0225 10.23 0.06 6.867 0.016 6.711 0.021
GJ 4058 HIP 90306 42.3776 0.0251 11.27 0.01 7.657 0.016 7.493 0.029
GJ 336.1 HIP 45116 42.2194 0.0423 10.91 0.05 7.261 0.016 7.058 0.024
HIP 109537 NLTT 53166 42.1720 0.0361 11.01 0.05 7.636 0.031 7.435 0.018
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Table 1 – continued Magnitudes and parallaxes of the final sample
Star alternate π ∆π V ∆V H ∆H Ks ∆Ks
name (mas) (mas)
GJ 894.1 HIP 115058 42.1139 0.0313 10.90 0.01 7.230 0.018 7.021 0.018
GJ 4287 HIP 111685 41.9857 0.9213 9.40 0.05 6.046 0.033 5.872 0.027
GJ 459.3 HIP 60093 41.8403 0.0441 10.64 0.06 6.965 0.033 6.796 0.020
GJ 1041 A NLTT 6637 41.7734 0.0743 10.95 0.04 7.384 0.090 7.119 0.046
GJ 3178 HIP 12886 41.5604 0.0472 10.80 0.05 7.165 0.016 6.982 0.024
GJ 9809 HIP 114066 41.5395 0.0282 10.96 0.01 7.167 0.040 6.977 0.023
LSPM J1123+1037 StKM 2-732 41.4669 0.1359 10.67 0.03 7.155 0.038 6.936 0.021
GJ 182 HIP 23200 40.9812 0.0338 10.11 0.05 6.450 0.031 6.261 0.017
GJ 587.1 HIP 75710 40.6077 0.0309 11.12 0.03 7.462 0.040 7.290 0.016
LP 570-22 NLTT 46787 40.2295 1.3732 11.23 0.01 7.704 0.018 7.511 0.023
BD+00 4050 TYC 449-459-1 40.1962 0.0654 10.64 0.07 7.177 0.027 6.968 0.024
TYC 743-1836-1 PM J06194+1357 39.8711 0.0474 10.71 0.01 7.201 0.021 7.006 0.018
GJ 3206 HIP 14864 39.8220 0.9657 10.05 0.09 6.767 0.180 6.575 0.027
GJ 4173 HIP 103544 39.7652 0.0448 11.01 0.01 7.426 0.026 7.251 0.021
TYC 4532-731-1 PM J05226+7934 39.7267 0.0268 11.14 0.04 7.583 0.033 7.345 0.020
GJ 3650 HIP 54803 39.42 2.03 10.32 0.05 6.818 0.033 6.616 0.023
GJ 839 HIP 108092 39.3208 0.0274 10.27 0.04 6.907 0.027 6.765 0.027
HIP 91489 LP 335-13 39.2284 0.0224 10.91 0.07 7.402 0.018 7.253 0.016
G 218-26 NLTT 4188 39.0922 0.0418 11.36 0.03 7.667 0.018 7.440 0.040
HIP 17458 BD+34 724 38.8358 0.0415 10.63 0.04 7.264 0.016 7.093 0.017
GJ 4114 A HIP 96339 38.7002 0.0585 10.30 0.01 6.701 0.029 6.486 0.023
TYC 2137-1575-1 PM J19284+2854 38.6214 0.0318 10.87 0.06 7.420 0.023 7.237 0.023
GJ 3313 StKM 2-385 38.2423 0.0440 11.31 0.01 7.674 0.038 7.451 0.021
GJ 3429 StKM 1-626 38.0605 0.0361 11.35 0.05 7.657 0.023 7.442 0.020
GJ 3447 HIP 36637 37.2447 0.2483 10.93 0.01 7.532 0.027 7.320 0.023
HIP 6342 StKM 2-117 37.0023 0.0391 10.69 0.04 7.280 0.018 7.109 0.023
GJ 3675 NLTT 28013 36.9782 0.0274 11.71 0.05 8.104 0.042 7.874 0.021
HIP 11152 NLTT 7846 36.7744 0.0610 11.25 0.03 7.561 0.021 7.346 0.018
TYC 1624-397-1 PM J19546+2013 36.4743 0.0354 10.96 0.07 7.476 0.040 7.229 0.023
StKM 2-1217 TYC 2038-99-1 36.3598 0.0675 11.13 0.07 7.641 0.018 7.436 0.016
LHS 3700 NLTT 51810 36.0574 0.0269 11.32 0.01 7.824 0.021 7.640 0.017
GJ 828.1 HIP 105885 36.0460 0.0387 10.45 0.05 7.181 0.036 6.997 0.021
GJ 4018 HIP 86423 35.9729 0.0243 11.12 0.04 7.471 0.033 7.257 0.018
G 183-22 StKM 2-1361 35.9353 0.0258 10.87 0.05 7.374 0.046 7.200 0.016
GJ 3721 HIP 60343 35.8900 0.0436 11.24 0.01 7.831 0.034 7.600 0.029
GJ 4092 HIP 93248 35.4261 0.0408 10.86 0.01 7.345 0.063 7.154 0.021
TYC 178-2187-1 PM J07312+0033 35.1792 0.0357 11.23 0.05 7.643 0.063 7.456 0.026
G 193-39 StKM 2-449 35.1701 0.0344 11.52 0.04 7.821 0.020 7.616 0.017
LSPM J0716+3315 PM J07162+3315 34.9370 0.0675 11.62 0.03 7.997 0.046 7.783 0.027
GJ 3664 HIP 55915 34.9000 0.0515 10.60 0.03 7.190 0.029 6.992 0.026
HIP 60121 StKM 1-1007 34.8190 0.0303 11.12 0.02 7.627 0.034 7.464 0.020
GJ 3641 HIP 54212 34.5616 0.2317 11.13 0.04 7.440 0.020 7.219 0.024
HIP 4223 NLTT 2969 34.5101 0.0394 11.08 0.03 7.702 0.036 7.445 0.020
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Table 2.Wavelength, excitation potential, and log gf for Ti i and
Fe i lines, with the number of our 106 sample stars for which each
line was used indicated. The full table is available with the online
version.
wavelength χ log gf Nstars
(A˚) (eV)
Ti i lines
5716.457 2.30 −0.700 79
5866.452 1.07 −0.840 9
5953.162 1.89 −0.329 63
5965.828 1.88 −0.409 32
6126.217 1.07 −1.425 22
6312.238 1.46 −1.552 60
6336.102 1.44 −1.743 44
6743.124 0.90 −1.630 32
7050.693 2.34 −1.140 48
7299.680 1.43 −1.940 26
Table 3. Alpha-element abundances in model atmospheres
[Fe/H] [α/H]
+0.5 0.0
0.0 0.0
−0.5 +0.2
−1.0 +0.4
−1.5 +0.4
This paper has been typeset from a TEX/LATEX file prepared by
the author.
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Table 4. Stellar parameters and abundances
Star Mbol Teff (K) log g [Fe/H] [Ti/H] [Ti/Fe]
GJ 239 8.40 3726 4.83 −0.77 −0.69 0.08
GJ 373 7.56 3701 4.61 −0.05 −0.14 −0.09
GJ 846 7.65 3776 4.65 −0.27 −0.30 −0.03
GJ 617 A 7.23 3751 4.54 0.00 −0.04 −0.04
GJ 208 7.43 3728 4.58 −0.01 −0.16 −0.15
GJ 572 7.56 3788 4.63 −0.35 −0.36 −0.01
GJ 96 7.69 3775 4.67 −0.36 −0.28 0.09
GJ 471 7.77 3727 4.67 −0.35 −0.35 0.00
GJ 353 8.20 3719 4.78 −0.57 −0.50 0.07
GJ 3997 8.36 3631 4.79 −0.63 −0.66 −0.03
GJ 400 A 7.38 3816 4.59 −0.32 −0.37 −0.05
GJ 184 8.04 3651 4.71 −0.78 −0.67 0.10
GJ 310 7.32 3751 4.56 −0.18 −0.30 −0.12
GJ 154 7.51 3843 4.66 −0.19 −0.18 0.02
GJ 281 7.47 3751 4.59 −0.20 −0.23 −0.03
GJ 731 7.97 3700 4.72 −0.44 −0.46 −0.02
GJ 458 A 7.65 3859 4.69 −0.42 −0.40 0.02
GJ 319 AB 7.44 3681 4.54 −0.88 −0.80 0.08
GJ 548 A 7.34 3857 4.61 −0.14 −0.13 0.01
GJ 889.1 8.56 3652 4.85 −0.72 −0.75 −0.03
GJ 181 7.46 3840 4.63 −0.16 −0.15 0.01
GJ 3942 7.69 3759 4.66 −0.25 −0.26 0.00
GJ 913 7.27 3622 4.48 −0.69 −0.72 −0.03
GJ 2043 A 8.16 3727 4.78 −0.49 −0.48 0.01
GJ 150.1 A 7.54 3832 4.65 −0.22 −0.22 −0.01
GJ 709 7.79 3752 4.69 −0.41 −0.36 0.05
BD+05 127 7.90 3876 4.78 −0.54 −0.35 0.20
GJ 270 7.55 3864 4.66 −0.30 −0.23 0.07
GJ 708.2 7.75 3884 4.73 −0.38 −0.37 0.00
GJ 38 8.16 3800 4.81 −1.05 −0.92 0.13
GJ 579 7.59 3816 4.65 −0.41 −0.32 0.09
GJ 541.2 7.63 3871 4.69 −0.30 −0.23 0.07
GJ 308 7.93 3607 4.67 −0.29 −0.44 −0.15
GJ 642 8.11 3817 4.80 −0.70 −0.58 0.12
GJ 1278 7.13 3960 4.59 −0.10 0.02 0.12
GJ 1172 7.19 3951 4.60 −0.11 −0.05 0.06
GJ 328 7.20 3916 4.59 −0.13 −0.14 0.00
GJ 804 7.49 3789 4.61 −0.35 −0.29 0.06
GJ 834 A 7.27 3758 4.54 −0.42 −0.45 −0.03
GJ 4120 8.11 3776 4.79 −0.49 −0.40 0.09
GJ 520 A 7.03 3616 4.42 −0.18 −0.40 −0.22
GJ 730 7.72 3743 4.67 −0.19 −0.19 0.00
GJ 464 7.49 3782 4.61 −0.34 −0.23 0.11
HIP 102300 8.49 3729 4.87 −0.65 −0.69 −0.03
GJ 3008 7.79 3785 4.71 −0.25 −0.28 −0.03
GJ 842.2 7.49 3831 4.63 −0.20 −0.11 0.09
GJ 533 6.88 3885 4.49 −0.19 −0.21 −0.02
GJ 3108 7.32 3840 4.59 −0.13 −0.07 0.06
GJ 9393 7.85 3942 4.79 −0.86 −0.50 0.36
GJ 761.2 7.56 3885 4.67 −0.34 −0.23 0.11
HIP 110980 7.48 3935 4.67 −0.33 −0.15 0.18
GJ 9784 7.77 3763 4.69 −0.37 −0.33 0.04
GJ 9188 7.61 3839 4.67 −0.29 −0.26 0.04
GJ 458.2 7.46 3852 4.63 −0.15 −0.15 0.00
GJ 2155 7.65 3850 4.69 −0.33 −0.30 0.02
GJ 4057 7.68 3788 4.67 −0.25 −0.23 0.03
GJ 4046 7.74 3674 4.64 −0.67 −0.54 0.13
GJ 3044 7.58 3912 4.69 −0.36 −0.25 0.11
GJ 2079 6.83 3862 4.46 −0.12 −0.28 −0.16
GJ 406.1 7.32 3966 4.64 −0.36 −0.24 0.13
GJ 4058 8.19 3722 4.78 −0.58 −0.50 0.08
GJ 336.1 7.75 3709 4.65 −0.47 −0.54 −0.07
HIP 109537 8.06 3877 4.81 −0.61 −0.44 0.17
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Table 4 – continued Stellar parameters and abundances
Star Mbol Teff (K) log g [Fe/H] [Ti/H] [Ti/Fe]
GJ 894.1 7.61 3758 4.64 −0.12 −0.15 −0.03
GJ 4287 6.42 4006 4.41 −0.28 −0.23 0.05
GJ 459.3 7.36 3778 4.58 −0.12 −0.11 0.01
GJ 1041 A 7.78 3747 4.68 −0.47 −0.45 0.02
GJ 3178 7.57 3773 4.63 −0.23 −0.23 0.00
GJ 9809 7.50 3805 4.63 0.24 0.20 −0.04
LSPM J1123+1037 7.49 3844 4.64 −0.22 −0.24 −0.02
GJ 182 6.69 3857 4.40 0.08 0.09 0.01
GJ 587.1 7.82 3764 4.71 −0.17 −0.18 0.00
LP 570-22 8.07 3789 4.78 −0.45 −0.41 0.04
BD+00 4050 7.43 3896 4.64 −0.20 −0.14 0.06
TYC 743-1836-1 7.45 3871 4.79 −0.16 −0.16 0.01
GJ 3206 7.03 4018 4.58 −0.43 −0.32 0.12
GJ 4173 7.77 3777 4.69 −0.37 −0.27 0.10
TYC 4532-731-1 7.89 3758 4.72 −0.45 −0.43 0.02
GJ 3650 7.15 3812 4.53 −0.54 −0.54 0.00
GJ 839 7.18 3986 4.61 −0.28 −0.08 0.20
HIP 91489 7.74 3832 4.70 −0.42 −0.36 0.05
G 218-26 7.95 3689 4.71 −0.36 −0.41 −0.05
HIP 17458 7.48 3966 4.68 −0.25 −0.18 0.07
GJ 4114 A 6.93 3788 4.46 −0.31 −0.28 0.03
TYC 2137-1575-1 7.64 3884 4.70 −0.31 −0.32 −0.01
GJ 3313 7.90 3725 4.71 −0.38 −0.36 0.02
GJ 3429 7.89 3692 4.69 −0.37 −0.37 0.00
GJ 3447 7.65 3901 4.71 −0.37 −0.34 0.03
HIP 6342 7.38 3944 4.84 −0.21 −0.11 0.10
GJ 3675 8.27 3712 4.80 −0.54 −0.56 −0.02
HIP 11152 7.64 3750 4.65 −0.10 −0.08 0.02
TYC 1624-397-1 7.49 3857 4.64 −0.23 −0.24 −0.01
StKM 2-1217 7.72 3849 4.71 −0.29 −0.23 0.06
LHS 3700 7.95 3816 4.76 −0.46 −0.35 0.11
GJ 828.1 7.19 4041 4.64 −0.22 −0.10 0.12
GJ 4018 7.53 3760 4.61 −0.22 −0.20 0.02
G 183-22 7.41 3887 4.64 −0.17 −0.13 0.04
GJ 3721 7.90 3821 4.74 −0.75 −0.50 0.25
GJ 4092 7.37 3849 4.61 −0.27 −0.14 0.14
TYC 178-2187-1 7.68 3794 4.68 −0.28 −0.24 0.04
G 193-39 7.90 3697 4.69 −0.37 −0.37 0.00
LSPM J0716+3315 8.07 3714 4.75 −0.50 −0.49 0.01
GJ 3664 7.14 3939 4.58 −0.21 −0.21 0.00
HIP 60121 7.61 3887 4.70 −0.16 −0.15 0.01
GJ 3641 7.42 3734 4.57 −0.23 −0.21 0.02
HIP 4223 7.65 3879 4.69 −0.50 −0.34 0.17
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